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kBSTRACT
Sweat glands in a small area of skin on the volar surface of the forearm were stimulated
twice daily with intradermal injections of acetyl-B-methylcholine. Training, resulting in an
increased sweating response to the standard dose of drug, occurred in all of the five men
and five women subjects. Sweat samples were collected on filter papers in an unventilated
sweat capsule and analyzed for sodium and chloride. Both of these minerals increased in
concentration as the sweat rate increased. In eight subjects the increase in sodium was that
which would be predicted on the basis of enhanced activity of the sweat glands involved.
En two cases the sodium increased less than would be expected if the increased sweat were
due to training alone. This was attributed to the recruitment of additional sweat glands,
which resulted in a greater volume of sweat with less tonicity than expected.
The women were less sensitive to the standard dose of acetyl-B-methylcholine used
throughout the training period. The data from men and women were significantly different
on days one and two and on days nine and ten. However, by the 17th and 18th days of
training there was some overlap in data from the two groups.
During acclimatization to heat in man, an
increased sweat rate in response to a given
thermal stimulus occurs. Fox, Goldsmith,
Hampton, and Lewis (1, 2), Brebner and
Kersiake (3), Collins, Crockford, and Weiner
(4), Collins (5), and Maclntyre, Bullard,
Banerjee, and Elizondo (6) report that changes
in both the nervous system and in the sweat
glands themselves result in an enhanced sweat
output during acclimatization. Increased secre-
tory activity of the sweat glands is a necessary
condition for acclimatization. If sweating is
inhibited in a local area during repeated ex-
posure to heat, an increase in the sweat rate
fails to occur in the same area not inhibited
(1, 2). Even under cool conditions repeated
treatment with a standard intradermal dose of
cholinergic drugs causes an increased sweat
rate, a phenomenon called "training" by Collins
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et al. (4). The magnitude of training is less
than that of acclimatization of the same area,
and so the two processes are not identical.
Nevertheless, an increased sensitivity to the
neurohunior acetyicholine may be common to
both processes.
There is general agreement that sweat sodium
and chloride concentrations increase as the
sweat rate increases (7, 8, 9, 10). However,
the literature contains many apparently con-
flicting reports on the ionic composition of
sweat produced during acclimatization. Clearly
such factors as dehydration (11, 12, 13, 14),
skin temperature (12, 15) and hormonal factors
(16, 17, 18) can alter the ionic composition of
sweat. In addition, repeated activity of the
sweat glands, even under cool conditions, as
during training, may result in changes in the ion
concentration independent of the altered sweat
rate. In order to investigate this possibility,
we trained sweat glands according to the pro-
cedure of Collins et al. (5), using repeated
daily stimulation with two intradermal injec-
tions of acetyl-B-methylcholine, and analyzed
the sweat samples for sodium and chloride.
MATERIALS &ND METHODS
Subjects. Five men and five women, aged 17 to
28 years, and in good health served as volunteer
subjects for these experiments, which were per-
formed during the months of July and August. The
mean maximum temperatures for these months
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were 33° C and 29° C respectively and the mean
minimum temperatures were 18° C and 17° C.
Twenty-four hours before the first injection the
skin of the volar surface of the forearm was shaved
with an electric razor. Each day prior to the first
injection the skin was cleansed with distilled water
and blotted dry with KleenexR tissues. Subjects
were provided with Vel® (Colgate-Palmolive, New
York) soap to be used throughout the experimen-
tal period in order to avoid additives found in
other soaps.
Training. Subjects were seated in an air condi-
tioned room at 24° C in the experimental period.
Two intradermal injections of 100 meg acetyl-B-
methylcholine 1101 (Mecholyl) dissolved in 0.5 ml
isotonic saline were given with one hour elapsing
between injections. This procedure, resulting in
two hours of active sweating, was repeated daily
for either ten or eighteen consecutive days. It has
been used by Collins et al. (4, 5). They injected
isotonic NaC1 daily for control purposes for ten
days, and found a small effect in some cases. For
saline their changes were from +3% to +16%;
for methylcholine, the changes were from +33%
to +98%.
Collection of samples. Sweat samples were col-
lected on pre-weighed Whatman 10 filter papers
in a circular unventilated sweat capsule with an
internal diameter of 425 cm., a technique described
by Schwartz and Thaysen (19). The papers were
replaced every thirty minutes, and those removed
from the capsule were re-weighed immediately.
Sample size was calculated as weight difference ac-
curate to .1 mg.
Ion analysis. Sweat samples were eluted from
the collection papers with distilled water and an-
alyzed for sodium with a flame photometer using
a lithium internal standard, and for chloride with
the Aminco-Cotlove conductimetric chloridimeter.
Recovery studies in which known volumes of
standard solutions were placed on filter papers and
then handled in the same manner as experimental
samples showed that 0.1 ml of 10 mEq/L NaCl
can be analyzed to within 5%.
RESULTS
The size of the first sample collected each
day from the ten subjects is shown in Figures
1 and 2. Figure 1 shows data for four subjects
who received injections in both arms for eighteen
consecutive days. Figure 2 shows similar data
for six subjects during a ten day experimental
period. The sweat sample size increased in all
cases by the end of the training period. There
was a marked difference in the magnitude of
the response of men and women. Women were
significantly less sensitive to the drug on
days 1 and 2 and on days 9 and 10 (p < 5%).
By the 17th and 18th days the differences
between the two groups were less significant
Fin. 1. First 30 mm. sweat sample (g) during
an eighteen day training period. Responses of men
are shown with dotted lines and those of women
with solid lines.
(20% <p < 30%) and there was some overlap
in data from the two groups. This finding con-
curs with earlier reports from Kahn and Roth-
man (20) and Gibson and Shelley (21).
Figures 1 and 2 also show random changes
in the size of daily sweat samples. We do not
feel that this variation is due to the methods
used to determine sample size. The scale used
for weighing was accurate to .1 mg, and valida-
tion studies on the capsule indicate that less
than .1 mg is lost via evaporation from a 20 mg
sample when the papers are changed. We have
no explanation for this variation.
As the sweat rate increased, the sodium and
chloride concentrations increased in all sub-
jects. Although there were marked individual
differences in the magnitude of the increases,
the Cl followed the Na closely, generally from
2 to 5 mEq/L less.
1.0
Day of Training
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DISCUSSION
Bulmer and Forwell (9) and Cage and Dob-
son (10) have described the relationship be-
tween sweat rate and sweat sodium concen-
tration for the individual sweat gland or a
population in which the number of active glands
remains constant.
Bulmer and Forwell (9) showed that when
sweat sodium concentration is plotted as a
function of sweat rate, a hyperbola is obtained.
By plotting the sweat sodium concentration as a
function of the reciprocal of the sweat rate,
one obtains a straight line which intercepts the
Y axis within the range isotonic to plasma.
Cage and Dobson (10) suggested an ideal-
ized relationship between sweat rate and the
rate of sodium excretion in man. This curve
had an initial nonlinear portion (AC), but
became linear at higher sweat rates (CD) (Fig.
3).
An increase in the sweat rate per unit area
could result from increased activity by already
active glands (enhancement), the initiation of
sweating in previously inactive glands (re-
cruitment) or a combination of these two
phenomena. Fasciolo, Johnson and Totel (22)
have suggested a treatment of data extending
the approaches of Bulmer and Forwell (9) and
Cage and Dobson (10) in order to permit the
calculation of the relative contributions of
enhancement and recruitment to an increased
sweat rate in a given area of skin.
Line AB represents the plot of sodium ex-
cretion versus sweat rate assuming that a pre-
cursor fluid of constant sodium concentration
is produced and that no changes occur in its
composition during its passage through the
duet to the skin surface. Line ACD is an
idealized curve of the observed relationship be-
tween the sweat rate and sodium excretion in
man. Once sodium reabsorption has reached a
maximum (Tm) lines EB and CD are parallel
and the amount of Na reabsorption is indi-
cated by the perpendicular distance between
these lines (EC). As in the Cage and Dob-
son plot these relationships apply when the
number of active sweat glands remains con-
stant or in the ease of the individual sweat
gland. In several situations, such as training,
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Fio. 3. Relationship between sodium excretion
and sweat rate. AB is a plot of the rate of sodium
excretion versus sweat rate assuming that a fluid
of constant sodium concentration is produced by
the coil and that no changes occur in its passage
down the duet. ACD is an idealized curve of sweat
rate versus rate of sodium excretion as it occurs in
man. It has a nonlinear portion (AC), but then
becomes linear (DC). Sodium reabsorption reaches
a maximum at point C, after which CD is parallel
to AB. EC is the perpendicular distance between
AB and CD and represents the maximum water-
free sodium reabsorption (Cage and Dobson, 10).
Day of Training
Fic. 2. First 30 mm. sweat sample (g) during a
ten day training period. Responses of men are
shown by dotted lines. Those of women are shown
with solid lines.
Sweof / Unit Area
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acclimatization, or during responses to dif-
ferent levels of thermal stress, the number of
active sweat glands may not remain constant
as recruitment may occur.
Fasciolo, Johnson, and Totel (22) have sug-
gested another treatment of data extending the
approaches of Bulmcr and Forwell and Cage
and Dobson, which permits the estimation of
the relative contributions of enhancement of
glandular activity and recruitment to increased
sweat rate per unit area.
The amount of sodium rcabsorbed from the
precursor fluid can be estimated from the
concentration of Na in any sample of sweat
collected provided that the sweat rate was
equal to or greater than that at point C on the
Cage and Dobson graph during the collection
period. We assume that the precursor fluid is
isotonic and that the Tm remains constant. This
is in agreement with previous authors (9, 10,
23). Within these limits, one can determine
the relative contribution of recruitment and
enhanced glandular activity to the increased
rate of sweat production during training or
acclimatization.
The relationship between sweat sodium and
the sweat rate during training can be described
as follows:
(Sweat Vol. >< 145 ,xEq/ml) — Tm
Sweat volume is in ml; 145 p.Eq/ml is the
sodium concentration of plasma. This equation
applies as the sweat rate increases while
the number of active sweat glands remains con-
stant. If recruitment occurs, then as the sweat
rate doubles, the number of active sweat glands
also doubles and twice the Tm value for sodium
would be reabsorbcd. This situation can be
described as follows:
(Sweat Vol. X 145 pEq/ml)
— (L2>< Tm) = Total sample Na
(Eq. 2)
Vol. 1
Lines representing the sodium for the extreme
cases of either 100% training or 100% recruit-
ment can be calculated from the sodium con-
centration of a single sweat sample using these
equations. The actual values obtained experi-
mentally can then be entered on the same graph.
The results of this method of handling the data
are shown in Figure 4. Two main patterns of
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Fxo. 4. Total sweat sodium (iEq) as a function
of sweat rate (g/30 mm/unit area). Predicted
values for 100% training or 100% recruitment,
based on the first day's sample, are shown by lines
T and R.
response are evident: training, and a com-
bination of training and recruitment. Data from
subjects CO. and RB. show training. Sub-
(Eq. 1) jects L. N. and P. 5. showed a combination of
training and recniitment. Of the ten subjects,
eight showed training, while two showed both
training and recruitment.
When we plotted our data in the manner
of Bulmer and Forwcll, (sweat sodium vs.
reciprocal of sweat rate) only a few subjects'
data intercepted the Y axis within the isotonic
range. This could be due to at least two fac-
tors. First, some recruitment would tend to
result in less sodium than would be predicted
for a given volume of sweat. Secondly,
daily variations in the distribution of the drug,
which was given by intradcrmal injection,
could cause variation in the number of active
sweat glands contributing to a given sample.
Either of these could result in sweat sodium
concentrations lower than those expected, and
this is what was observed in our data. The
lines of the Bulmer and Forwell plot inter-
cepted the Y axis below the isotonic range in
a number of cases, but none intercepted it above
145 mEci./L. In two cases the line had a posi-
tive slope, which would not be expected. These
0zo
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subjects showed primarily recruitment, how-
ever, so that the sodium concentration of the
sweat remained relatively constant even though
the sweat sample size increased.
We feel that the experimental values for
sweat sodium conform sufficiently to those that
would be predicted as a result of training to
attribute the observed changes to this process
in the other eight subjects. In the case of the
two subjects that produced a more copious
but dilute sweat, we feel that recruitment
occurred. Altered glandular activity with the
same number of glands remaining active
could also produce this result, Since the num-
ber of active sweat glands was not determined
in this study, that possibility remains open.
coNcLUsIoNs
We have shown training in both men and
women and found that the difference in respon-
siveness between men and women persists
throughout training, although the two groups'
data overlap slightly by the 17th or 18th days.
An unexplained variation in sample size has
been noted.
The observed changes in sodium concentra-
tion that occurred as the sweat rate increased
can be attributed to training and, in some
cases, some recruitment of new units. There
is no evidence that the glands produced a more
dilute sweat simply as a result of repeated
daily activity even though the volume of sweat
produced in response to the standard dose of
drug did increase.
Sargent, Smith, and Batterton (24) found
that the number of active sweat glands remained
constant during acclimatization. Perhaps train-
ing and acclimatization differ in this respect,
or their subjects may all have shown responses
similar to those of C.O. and RB. (Fig. 4). In-
dividuals may differ as to which process, re-
cruitment or increased glandular activity, plays
the more important role in the increased
sweat production of either training or acclima-
tization. This could vary among ethnic and
racial groups also. If so, it might explain some
of the conflicting reports in the literature on
the relationship between sweat rate and
sweat sodium during acclimatization.
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